Abstract Purpose: A new application of photoplethysmography (PPG) has emerged recently to provide the possibility of heart rate monitoring without a telemetric chest strap. The aim of this study was to determine if a new device could detect pulsation over a broad range of skin types, and what light wavelength would be most suitable for detecting the signals. A light emitting diode-based PPG system was used to detect changes in pulsatile blood flow on 23 apparently healthy individuals (11 male and 12 female, 20-59 years old) of varying skin types classified according to a questionnaire in combination with digital photographs with a skin type chart. Four different light wavelengths (470, 520, 630, and 880 nm) were tested. Normalized modulation level is calculated as the AC/DC component ratio and represents the change in flow over the underlying constant state of flow or perfusion. Results: In the resting condition, green light wavelength (520 nm) displayed greater modulation (p \ 0.001) than all the other wavelengths analyzed regardless of skin types. Type V (dark brown) skin type was significantly lower in modulation than all other skin types. In the exercise condition, both blue (470 nm) and green (520 nm) light wavelengths displayed greater signal-to-noise ratios than red (630 nm) or infrared (880 nm) light wavelengths (p \ 0.001). Conclusions: We concluded that a PPG-based device can detect pulsation across all skin types and that a greater resolution was obtained using a green light wavelength at rest and a green or blue light wavelength during exercise.
Introduction
Physical exercise is an integral part of reducing the risks of cardiovascular disease and improving fitness and the quality of life [2, 9] . A critical element in the practice and prescription of physical activity is to ensure the dose and intensity of exercise are sufficiently high to induce health and fitness benefits [6, 7] . By assuming the linearity of heart rate and oxygen consumption, heart rate or pulse rate provides convenient means to ensure that exercise is performed at a proper intensity [2, 5] . Indeed heart rate has been a useful and widely used index of physical exertion and intensities of effort during physical activity [10] .
Telemetric heart rate monitors using a chest transmitter belt and a watch-like receiver have been an equipment of choice for athletes and casual exercisers for monitoring exercise intensity via heart rate. However, many exercisers experience problems properly fitting and adjusting the strap, and this obstacle is intensified particularly in obese individuals. The strap must also be kept quite tight, prompting some exercisers to report discomfort during exercise; this factor compounds the challenge of wearing the monitor for an extended duration. Additionally, transmission problems can arise due to conflicting radio signals or frequencies or because of multiple monitors in proximity. A solution to these issues would be a watch-based unit that measures heart rate locally on the wrist that eliminates the use of a chest strap. Using the photoplethysmography (PPG), the watch-based unit could monitor changes in arterial blood volume to derive pulse rate by the change in volume upon systolic/diastolic fluctuations of light wave reflectance attenuation. A light emitting diode (LED) transmits light, while a photoreceptor placed adjacently receives the reflected light. Changes in the incident to reflected wavelength are then calculated and used to determine the physiological phenomena below [11] .
A primary concern with the PPG technology for detection of pulse rate is related to the melanin concentration and pigmentation of the skin [1, 8, 12] . Melanin is known to be highly absorbent to light, and thereby attenuating the incident light wavelength [4, 12] . Another important aspect is the artifact that motion and its associated physiological changes can create on the signal during physical exercise. This can be evaluated by analyzing the signal-to-noise ratio. The determination of the signal to noise ratio involves taking the AC current during exercise and comparing it to AC at rest [8] . As the PPG signal is dependent on the energy associated with its wavelength, different wavelengths are able to penetrate the tissue to varying depths, and provide various levels of pulse detection from different sources [4, 12] . It is therefore critical that the device penetrate deep enough to provide detection of arterial vessels in order to determine the pulsatile changes in associated volume between systole and diastole [8] .
In the present study, the interaction between various light wavelengths and skin type was investigated at rest and during exercise. We hypothesized that certain wavelengths of light would provide better light reflectance across skin types represented by greater peaks in modulation. We also hypothesized that shorter wavelengths would provide a better signal-to-noise ratio resulting in improved signal detection during exercise.
Methods

Subjects
A total of 23 apparently healthy adults (11 males/12 females) aged 20-59 years were studied ( Table 1 ). The Human Research Committee at the University of Texas at Austin reviewed and approved all procedures, and written informed consent was obtained from all subjects. Subjects with varying skin types were selectively recruited to assess the influence of skin type on wave reflectance (Table 2) . Skin type was first estimated based on the Fitzpatrick classification questionnaire that has been validated in the literature for skin type determination. This skin typing was then compared with a photograph of each subject's forearm, whereupon any discrepancies between the two were adjusted towards the photograph and actual pigmentation. Skin types ranged from type I (pale white skin) to type V (dark brown skin).
Experimental protocol
After arrival, subjects were kept in a quiet laboratory room in a seated position for 15 min and their blood pressure was taken. A photograph of each subject's forearm was taken against a color chart for skin pigmentation. Subjects were then classified into four different Fitzpatrick skin type groups ranging from type I to type V. LED sensors from the PPG device (Omron Healthcare, Kyoto, Japan) were placed on the radial artery of the forearm approximately 4 cm from the wrist joint using the Velcro strap. Pressure of the strap that the LED sensors were attached was standardized by a spring gauge at 10 mmHg. An accelerometer was then attached to detect movement for exercise studies. Upon the proper placement of the sensor, the proper signals were verified before the tests were initiated. Four different wavelengths of light were used in assessment of heart rate detection (Blue-470 nm, Green-520 nm, Red-630 nm, and Infrared-880 nm). The 50 % bandwidths of LED sensors were 20 nm for Blue, 20 nm for Green, 16 nm for Red, and 40 nm for Infrared. The order of the testing for different wavelengths was randomized using a randomized number generator. Each subject underwent all the wavelength conditions. Multiple trials were conducted on each wavelength, and the average was used to represent the data. Three different intensities of each wavelength were used for each site in order to test the impact of intensities of the light signal.
Following the resting measurement, the exercise protocol was performed. The exercise protocol involved the subject keeping the forearm stable atop a desk with his or her fist relaxed, then performing a flexion/extension of the arm in a curling motion as in biceps curls (in dumbbell exercises) for 10 s, and finally grasping a dynamometer and applying 5-10 nm of force for 10 s. Once the light has been transmitted and reflected, two different waveforms are created, an alternating current (AC) and direct current (DC) [1, 8] . The AC pulsation refers to the pulsatile change in blood flow between systole and diastole from the absorption of hemoglobin, where the DC current is composed of the saturation of the skin, surrounding tissue, and average blood volume [1] . Normalized modulation level is calculated as the AC/DC component and represents the change in flow over the underlying constant state of flow or perfusion [1, 8] .
Both AC and DC currents were measured during each trial. The AC waveform was averaged as the peak and the modulation from that peak was then recorded and reported as AC modulation (Fig. 1) . This modulation was recorded as the pulsatile waveform and confirmed from visual inspection from the software. Thus, modulation is the average change between peaks and valleys in the AC component or the constant rate of the DC component. Taking the AC current over the DC current provides normalized modulation and represents the effect of the status of the tissue by the change in blood flow within the artery [1, 4, 8] . For the exercise section of the trial, the AC during exercise was taken over the AC at rest to determine a signal-to-noise ratio for each wavelength.
Statistical analyses
Skin types I and II were combined into one group due to a smaller number of subjects in skin type I after the reclassification of skin types based on the objective visualization. Two-way ANOVA (wavelength 9 skin type) was performed for both side of the forearm. The entire trial duration for each section was averaged and used separately for analysis (10 s). Tukeys HSD post hoc test was used to determine where the significance occurred. A three-way ANOVA was also conducted to determine if the intensity of wavelengths influenced the readings at each wavelength. Because a difference in intensity of each wavelength was not demonstrated, data collected at different intensities were combined for each wavelength. All statistical analyses were performed using SPSS Statistics 20.0 (IBM Corporation Armonk, NY). Significance was set a priori at the p \ 0.05. All data are expressed as mean ± SD.
Results
As shown in Table 1 , the subjects were relatively young, non-obese, and normotensive. Both males and females and all the skin types are well distributed in the subject sample. In the resting condition, green light wavelength (520 nm) displayed greater mean modulation (p \ 0.001) than all the other wavelengths analyzed in the present study regardless of skin types ( Table 2 ). There were no differences in mean modulation between blue, red and infrared wavelengths. Type V (dark) skin type was lower in mean modulation than all other skin types (p \ 0.001). No differences in mean modulation were found between men and women.
In the exercise condition, both blue (470 nm) and green (520 nm) wavelengths displayed greater signal-to-noise ratios than red (630 nm) or infrared (880 nm) wavelengths (p \ 0.001) ( Table 3 ). Skin type IV had a greater signal-tonoise ratio than other skin types during exercise simulation. There were no appreciable differences between men and women.
Discussion
The intent of the present study was to determine the influence of skin type and wavelength on light reflectance for pulse rate detection. Pulsation was detectable across all skin types represented by the detection of AC modulatory pulsatile waveforms. Green light (520 nm) was found to produce greater modulation than other wavelengths at rest. Exercising signal-to-noise ratio was greatest for blue and green wavelengths. To the best of my knowledge, this is the first study to examine the effect of skin type on light wave reflectance for pulse rate detection at rest and during exercise using four different wavelengths of light from a LED PPG device.
Blood during systole has a greater volume and creates a greater absorbance of light compared with that of diastole. Hemoglobin plays a major role on light absorption especially at the lower wavelengths [12] . The sensor then interprets the inverse of the absorption in relation to blood volume in the tissue. By detecting the change in the fluctuation of hemoglobin in the radial artery, a PPG-based device is able to determine pulse rate. This is represented by the AC current change. The DC current represents local perfusion and saturation along with light absorption of the tissue itself. If the DC current changes (due to different skin types, different subjects), this will result in a difference in pulse height and such differences must be accounted for in the signal processing [1, 4] . The use of a normalized modulation as shown in Fig. 1 allows for detection across the spectrum of skin types and physiological phenomena. It also allows for comparison across skin types to interpret any type of interactions [1] .
Different wavelengths across the optical spectrum can penetrate to different depths within the tissue [3] . In the present study, the green wavelength was able to detect the pulsatile blood volume changes better than any other wavelength, as demonstrated by a significantly greater peak in normalized modulation. The shorter the wavelength of light, the less distance the incident light can travel, which also results in faster reflectance of the incident wavelength. This facilitates a more robust resistance to artifact or noise but shortening the duration of total time [3] . This was represented in the green and blue wavelengths producing significantly greater signal/noise ratios compared with those of red and infrared during exercise. Collectively, these results suggest that the green wavelength appears to be the choice of wavelengths for the detection of pulsation on the wrist.
Melanin is known to be highly absorbent to light and can attenuate the incident light [3, 4] . We found that type V (dark brown) skin type demonstrated significantly lower modulation compared with other skin types. However, Type V 33.1 ± 8.5 16.6 ± 8.5 11.0 ± 8.5 9.5 ± 8.5
Data are expressed as the signal-to-noise ratio ± SD. The signal-to-noise ratio has no unit to display as units (i.e., voltages) are cancelled out in the ratio calculation * p \ 0.05 versus all other wavelength; p \ 0.05 versus red and infrared; # p \ 0.05 versus other skin types there were no statistically significant interaction between the skin types at rest and during exercise. The level of skin in which melanin is found is the epidermal layer, where there is no blood supply. It relies solely on diffusion of oxygen from deeper vessels [4] . The target for a PPG device is sub-epidermal and thus should not modify the overall shape of the modulation waveforms [4] . It has been suggested that a weak reflected light due to dark pigmentation can be compensated for by using a stronger light source, without compromising the signal-to-noise ratio [4] . In the present study, however, the intensity of the light signal did not affect the modulation. Rather we found that each wavelength was able to find blood flow for each subject regardless of skin type yet produced differences in the level of modulation. By normalizing the modulation, and using wavelengths that have been found to better determine pulsatile blood flow, our present study demonstrated the practical application of a PPG device may be a promising technique as a heart rate monitor even for people with dark pigmentation. Even as the paradigm for heart rate monitoring seems to have been established in radio telemetric units, the PPG has the potential to offer greater physiological/clinical applications in the future. For example, PPG can also provide such variables as pulse wave velocity, a measure of arterial stiffening and vascular aging, hemodynamic stress through augmentation of the arterial pressure waveforms, and heart rate variability, a maker for autonomic health.
There are several limitations for the present study. First, we did not find and study sufficient number of people classified as skin type I. This was in part due to our geographical location since many potential subjects demonstrated hyperpigmentation (tanning) on their skin. Relatedly, the groups were not equal in terms of number of subjects per group. Second, heart rate was not measured during the experiment. The next logical step is to validate the pulse rate obtained with the PPG device against the gold standard of 12-lead ECG at rest and during exercise.
In conclusion, photoplethysmography has the ability to detect pulsation through the use of light wave reflection. The wavelength of 520 nm corresponding to green visible light produced the best modulation at rest. There was a trend towards skin type having a significant effect yet no interaction was present at rest. In the exercise condition, both blue (470 nm) and green (520 nm) wavelengths displayed greater signal-to-noise ratios than red (630 nm) or infrared (880 nm) wavelengths. PPG presents a viable step in monitoring heart rate even for people with dark pigmentation as long as a proper light wavelength is chosen.
